Somatic Hypermutation, Minireview Transcription, and DNA Mismatch Repair hypermutation, suggesting that cis-acting sequences outside the mutable region regulate and target mutation. However, almost nothing is known about the detailed molecular mechanisms or trans-acting proteins that are responsible for V-region hypermutation.
1997; Shen et al., 1997; Jacobs et al., 1998; Winter et al., 1998) . Although it is possible that the loss of a single protein could be compensated for by other components of a larger complex, these experiments suggest none of these processes are responsible for V-region mutation. The DNA Mismatch Repair System The repair systems mentioned above are concerned with the repair of damaged DNA. In contrast, misincorporated bases are repaired by the postreplicative DNA mismatch repair (MMR) system. Since errors are routinely introduced during DNA replication, several studies have recently focused on whether the proteins that normally repair the resulting mismatched bases are involved in generating the initial V-region mutations, in fixing them in the DNA, or in subsequently modulating the outcome of the mutational process. In a recent issue of Immunity, Frey et al. (1998) examine V-region hypermutation in mice that are genetically defective in MSH2 or PMS2, two proteins that are components of the MMR system. In the same issue, Rada et al. (1998) also examine V-region mutation in MSH2-defective mice.
The MMR system is remarkably conserved and many of its basic features are shared between the E. coli MutHLS system (Modrich, 1991) and eukaryotic MMR, except that the latter is more complex (Kolodner, 1996) . In eukaryotes, the initiation of the repair process is thought to require subsets of at least three different E. coli MutS homologs: MSH2, MSH3, and MSH6. Studies in yeast and mammalian cells have indicated that MMR is initiated by two different complexes: an MSH2-MSH6 complex that recognizes single base mismatches, insertions and deletions and an MSH2-MSH3 complex that recognizes two to four base pair insertions and deletions ( Figure 1) . However, the recognition of the different classes of mismatches is not stringent and both complexes share overlapping repair activities. In mammalian cells, the subsequent removal of the mismatched base(s) is similar to the bacterial system and relies on a complex between two MutL homologs, MLH1 and PMS2, that interact with MSH2 ( Figure 1 ). Much less is known about subsequent steps in the pathway. A mammalian homolog of the E. coli MutH endonuclease, which introduces nicks into the newly synthesized DNA strand and thus directs repair, has not been identified. sion repair (Mellon et al., 1996; Umar et al., 1996 Umar et al., ). 1998 Storb et al., 1998) .
The Mismatch Repair System and Somatic Hypermutation Frey et al. (1998) confirmed the findings of others (JaThey also observed in MSH2-deficient mice that a cobs et Phung et al., 1998) that the frequency greater percent of the mutations occurred within hot of V-region mutation in splenic germinal center cells spot motifs in Peyer's patch germinal center cells. Rada from MSH2-deficient mice was the same as in wild-type et al. (1998) found more mutations in G/C than in A/T, controls. However, when Frey et al. (1998) and Rada and this was also reported by Phung et al. (1998 Phung et al. ( ). A et al. (1998 independently examined Peyer's patch major issue is whether the different spectra of mutations germinal center cells from MSH2-deficient mice, they seen in the MMR-deficient mice are due to inherent observed a significant reduction in the frequency of changes in the primary process of mutation, or to subse-V-region mutation. Both groups agree that those V regions that are mutating accumulate fewer base changes. quent events including repair or changes in the cellular dynamics of the immune response. The latter explanamutations than control mice. They postulate that mistion is favored by Frey et al. (1998) who observed a matches created by a change in two adjoining bases much higher frequency of microsatellite instability, a are more readily recognized and repaired than single hallmark of the mutator phenotype, in Peyer's patch base changes. Biochemical experiments with extracts germinal center B cells than in the equivalent splenic from PMS2-deficient mice support this idea (Winter et cells. They suggest that increased genome-wide DNA al., 1998). However, it is not clear why excessive doualterations, as indicated by the very high microsatellite blets have not been observed by others who have studinstability in the chronically stimulated, rapidly dividing ied these mice. Peyer's patch cells, may affect B-cell viability and limit
In an attempt to define further the mechanism of the their opportunity to recycle through germinal centers primary mutational event and the impact of subsequent and accumulate additional V-region mutations. They mismatch repair, Bertocci et al. (1998) in the current conclude that MSH2 is not participating directly in the issue of Immunity have examined the mutation of Ig generation of V-region mutations. This was also the contransgenes into which they have inserted mono-or dinuclusion from earlier work by others  cleotide repeats. They report that in normal mice, slip- Phung et al., 1998) .
page events that might have been expected to occur in Rada et al. (1998) also obtained evidence for a dethese tracts of repeats during DNA replication are rare, crease in the maturation of the B-cell response in MSH2-compared with the frequency of point mutations in the deficient mice and agreed that this, in part, could explain coding portion of the V regions. In mice that are deficient the decreased frequency of mutations in Peyer's patch in MSH2 or PMS2, the frequency of V-region mutations B cells. However, the increased focus on hot spots and in the germinal center B cells decreases. However, there predominance of mutations in G/C led them to postulate is no increase in the absolute number of deletions or two phases of the mutational process: an initial MSH2-insertions, suggesting that V-region mutation does not independent phase that focuses the mutational process occur during scheduled DNA replication. This has led on the hot spots, and a second MSH2-dependent phase Bertocci et al. (1998) to speculate that the primary mutathat results in a wider distribution and range of mutational process is the result of a still undefined "short tions. Based on the same observations, Phung et al.
patch error-prone DNA synthesis." (1998) concluded that MSH2 normally repairs many of Conclusions the G/C mutations, so the numbers of G/C and A/T The data presented in these four recent papers in Immumutations are relatively the same once the process is nity Frey et al., 1998 ; Fukita et completed. In mice lacking MSH2, repair of the G/C al., 1998; Rada et al., 1998) implicate transcription or mutations does not occur, resulting in an excess of G/C accessibility in V-region hypermutation and suggest that mutations. It is interesting that Kuo et al. (1997) found MMR plays a role in secondary events that repair or that mice that overexpress BCL-2 in their germinal censuppress certain types of mutations resulting from the ter B cells do not target mutations to hot spot motifs, primary process of hypermutation, and thus alters the again suggesting that the accumulation of mutations in spectrum of mutations observed in normal cells. Sechot spots is the result of a multifaceted process.
ondary modulations actually appear to be different in PMS2 acts downstream of MSH2 (Figure 1 ) and its MSH2 and PMS2-deficient mice, as indicated by the loss could have a different effect on the frequency or presence of distinct patterns of mutation. Since the procharacteristics of V-region mutations. While Frey et al. teins involved in MMR function as complexes, it will be (1998) and Winter et al. (1998) did not detect a significant interesting to analyze the mutation spectra of mice that difference in the frequency of mutations in germinal cenare deficient in MSH3 and/or MSH6, the partners of ter B cells from the spleens of PMS2-deficient mice, MSH2 in mitotic MMR (Figure 1 ). there was a decrease in mutation in the Peyer's patch Based on the data presented in these recent Immunity B cells of such mice. Cascalho et al. (1998) had reported papers Frey et al., 1998 ; Fukita et an even greater decrease in the frequency of V-region al., 1998; Rada et al., 1998) , one could envision the mutation in mice with PMS2-deficiency, which led them model shown in Figure 1: (1) The chromatin structure of to propose that PMS2 plays a direct role in the V-region the transcribed but nonmutating Ig genes is altered/ mutational process. Some of this discrepancy can be opened as the result of some process of chromatin meexplained by differences in the method of calculating tabolism (Wade et al., 1997) . (2) This makes DNA accesmutation frequency. In addition, the mice used by Cassible to a DNA mutator factor/complex that introduces calho et al. (1998) express a single Ig transgene, and mutated nucleotides Storb et circulating B cells were analyzed rather than germinal al., 1998) . (3) Some of these mismatched bases are reccenter B cells. The findings of Frey et al. (1998) provide ognized by MMR and repaired. There might be a prefera rationalization for the conflicting data, since they show ence for the repair of certain mismatches (e.g., G/Cs at that similar B-cell populations that have undergone difhot spots) while others are less efficiently repaired. Also, ferent degrees of stimulation have different frequencies if there is an abundance of mutations, MMR may not of V-region mutation. This raises the possibility that the be able to repair all of them, leaving some mutations circulating B cells analyzed by Cascalho et al. (1998) unrepaired. It is still unclear whether transcription is may not be representative of the germinal center B cells required for mutation or is a manifestation of accessibilexamined in the other studies. It is also possible that ity (Sleckman et al., 1996) . If in fact both strands of DNA strain differences and "modifier" genes contribute to are subject to the primary mutational event, it is less the different results. al., 1998), will be required to resolve the differences in (1998) . Proc. Natl. Acad. Sci. USA 95, [6953] [6954] [6955] [6956] [6957] [6958] results in the existing studies. Nevertheless, the studies with mice defective in MMR have alerted us to the possibility that we may not yet know the characteristics of the products of the primary mutational event. They remind us that in order to identify the biochemical mechanisms, the challenge will be to uncouple the primary mutational events from subsequent repair and to identify the components of the protein complexes that are responsible for these processes.
